Seasonal distribution of phytoplankton community and size structure was assessed in three different tropical ecosystems of the western Bay of Bengal viz. estuary (Mahanadi), lagoon (Chilika), and coastal waters (off Gopalpur) in response to ambient hydrobiology. Salinity regimes differentiated the study regions as contrasting ecosystems irrespective of seasons (pre-monsoon, monsoon, post-monsoon). Taxonomic account revealed a total no of 175, 65, and 101 phytoplankton species in the estuary, lagoon, and coastal waters, respectively. Prevalence of marine, brackish, and fresh water types in the coastal waters, lagoon, and estuary, respectively, characterized the contrasting nature of the study regions in hosting the phytoplankton community. In general, phytoplankton abundance was observed in increasing order of coastal waters > estuary > lagoon during postmonsoon and pre-monsoon, while lagoon > coastal waters > estuary during monsoon. Bacillariophyta dominated the phytoplankton community in the estuary and coastal waters during all the seasons. In contrast, the lagoon exhibited a diverse array of phytoplankton group such as cyanophyta, dinophyta, and bacillariophyta during monsoon, post-monsoon, and pre-monsoon, respectively. Over the seasons, microphytoplankton emerged as the dominant phytoplankton size class in the coastal waters. Diversely, nanophytoplankton contributed to major fraction of chlorophyll-a concentration in the estuary and lagoon. Interestingly, pre-monsoon dinophyta bloom (causative species: Noctiluca scintillans with cell density 9 × 10 4 cells·l −1
Introduction
Coastal ecosystems play an imperative role in biogeochemical cycling being the regions of matter and energy transfer with the sea. Coastal zones which contribute towards~30% of the oceanic primary production are undergoing severe anthropogenic perturbations exerting long-term impacts on biogeochemistry (Gattuso et al. 1998; Qu and Kroeze 2012) . In general, coastal ecosystems including estuaries and lagoons receive huge amount of nutrient-rich riverine and terrigenous discharge. More importantly, the seasonal coastal upwelling occurs all along the Indian coast at different intensities brings significant amount of nutrients to the coastal ecosystems and influences phytoplankton production (Gomes et al. 2000) . In general, phytoplankton species composition and quantitative
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distribution exhibit a wide range of spatio-temporal variation under the influence of physico-chemical parameters. Dynamics in phytoplankton species composition, distribution, and concentration of dominant pigment chlorophyll-a (chl-a) acts as biological indicators of the water quality and trophic status (Bianchi et al. 2003) . In context of phytoplankton size structure, the different smaller size classes (pico, nano, and micro) contribute proportionately to the concentration of chla. The phytoplankton size structure responds to the variability in water quality parameters, especially to the dynamics of inorganic macronutrients (Bec et al. 2011; Mohan et al. 2016) .
In context of coastal ecosystems of the north-western Bay of Bengal, Chilika lagoon, Mahanadi estuary, and nearshore waters off Gopalpur are ecologically important regions that need regular water quality monitoring. Mahanadi estuary, one of the major estuarine ecosystems of the western Bay of Bengal, exhibits dynamic biogeochemistry attributed to river influx and is susceptible to anthropogenic discharges. The estuarine phytoplankton community is controlled by the nutrient content of the riverine freshwater and turbidity (Naik et al. 2009; Mishra et al. 2018) . On the south of Mahanadi estuary, BChilika^the largest brackish water lagoon of India connects to the western Bay of Bengal. The Chilika lagoon hosts a complex food web in contrasting physico-chemical regimes. The phytoplankton distribution of this lagoon is highly diverse and quickly responds to environmental gradients and extreme events. Most importantly the phytoplankton community structure is influenced by the freshwater input from debouching rivers and marine water influx from the adjoining Bay of Bengal (Srichandan et al. 2015a . Further south, coastal waters off Gopalpur exhibit contrasting local water types attributed to varying physico-chemical parameters on either side of 30-m isobath. This region also experiences recurrent phytoplankton blooms, especially during pre-monsoon season. The phytoplankton distribution of this region is significantly influenced by Rushikulya estuary as well as terrigenous runoff (Baliarsingh et al. 2015a (Baliarsingh et al. , 2015b (Baliarsingh et al. , 2016 .
Perusal of available literature revealed that a very limited number of studies have been carried out on ecological monitoring of phytoplankton with respect to ambient water quality in the above regions. However, the earlier studies have not presented adequate granularity on (i) interrelation of sizefractionated chl-a with collocated phytoplankton community, (ii) categorization of phytoplankton species based on salinity preference, (iii) assessment of trophic status, and (iv) characterization of phytoplankton taxa as bloom forming/potential toxin producers/toxic-bloom forming. In addition, the above coastal ecosystems require regular monitoring and comprehensive seasonal assessment of phytoplankton community distribution with reference to environmental variables owing to their dynamic nature and ecological importance. Based on the above backdrop, the present study was carried out in Mahanadi estuary, Chilika lagoon, and coastal waters off Gopalpur.
Materials and methods

Study area
The present work was carried out in three contrasting ecosystems on east coast of India viz. Mahanadi estuary, Chilika lagoon, and coastal waters off Gopalpur covering ten sampling stations in individual regions (Fig. 1) . Mahanadi estuary is a positive estuary formed at the mouth of river Mahanadi debouching into the Bay of Bengal at Paradip, India. Mahanadi river system is the third largest river system in the peninsular India. This estuary is influenced by semidiurnal tides of different magnitude and receives a large amount of agricultural runoff and anthropogenic inputs from different industrial and urban centers in the nearby regions (Mishra et al. 2018) .
BChilika lagoon^(Ramsar site no. 229), the largest brackish water tropical estuarine ecosystem, is located along the eastern seaboard of India. The lagoon receives higher quantum of river discharge at its northern part from subordinates of Mahanadi river system. Major seawater exchange with the lagoon occurs through inlet(s) located in the outer channel connected to the Bay of Bengal. Based on the physicochemical regimes, the lagoon is categorized into four ecological sectors (northern, southern, central, and outer channel). Sampling was carried out in central sector of the lagoon owing to its geographic position allowing well connectivity to other sectors. The lagoon experiences tropical monsoon climate and receives significant fresh water influx predominantly during the monsoon period (Srichandan et al. 2015a .
Coastal waters off Gopalpur represent an important ecosensitive region of the north-western Bay of Bengal. The area is influenced by Rushikulya River and also by tropical monsoonal climate. The circulation pattern of the study area is principally governed by the effects of coastal currents, cyclonic circulation, and river discharge. The study area receives high amount of dissolved chemical inputs from several sources as runoff through river discharge (Baliarsingh et al. 2015b (Baliarsingh et al. , 2016 . Gopalpur coastal region hosts an important mass nesting site of IUCN Red List olive ridley sea turtles.
Analytical methodology
Field surveys were conducted at different stations in the three study regions on seasonal scale namely monsoon (August 2017), post-monsoon (January 2018), and pre-monsoon (March 2018). Water column transparency was measured using a Secchi Disk and is represented here as Secchi Disk Depth (SDD). A centigrade thermometer was used to record water temperature in the field. Water samples were collected in pre-cleaned PTFE bottles under low temperature condition for analysis of physico-chemical and biological parameters, such as salinity, macronutrients (nitrite, NO 2 ; nitrate, NO 3 ; ammonium, NH 4 ; phosphate, PO 4 ; and silicate, SiO 4 ), and chl-a. Salinity was determined by adopting argentometric titration procedure (Grasshoff et al. 1999) . Macronutrient concentrations in the water sample were estimated spectrophotometrically (Grasshoff et al. 1999) . Water samples were fixed onboard with Winkler's solutions for titrimetric analysis of dissolved oxygen (DO) later at the shore-based laboratory (Grasshoff et al. 1999) . Known volumes of water samples were filtered on 0.45-μm membrane filters for estimation of total suspended matter (TSM) using a gravimetric method.
Size-fractionated chlorophyll-a (chl-a) analysis of different phytoplankton size classes such as micropytoplankton (MP), nanophytoplankton (NP), and picophytoplankton (PP) was carried out by sequential filtration of known volume of water samples using different pore size filters (20 μm (MP) > 2 μm (NP) > 0.2 μm (PP)). After extraction of the filtrates with 90% acetone, the concentration was measured using a Turner Design fluorometer (Brewin et al. 2014) . For taxonomic analysis of phytoplankton, known volumes of surface water samples were collected and preserved with 1% neutral formalin-Lugol's iodine solution and species were identified as well as enumerated with the aid of a trinocular microscope (make, Labomed; model, LX-400). Standard manuals were referred for phytoplankton taxonomy (Smith 1950; Desikachary 1959; Tomas 1997; Siver 2003) .
Statistical analysis
Univariate diversity indices such as species richness, species diversity index, and species evenness were calculated following Margalef (1958) , Shannon and Weaver (1963), and Pielou (1966) , respectively. Principal component analysis (PCA) was carried out with normalized data with the aid of IBM SPSS (version 20.0). PCA is a multivariate statistical method that determines the latent relations between the variables from a large database. The standardized data was subjected to PCA. The Kaiser-Meyer-Olkin (KMO) adequacy test resulting values > 0.5 for all the study regions (Mahanadi estuary, 0.78; Chilika lagoon, 0.71; coastal waters off Gopalpur, 0.75) confirmed the applicability of PCA to the present data. PCA yielded 12 principal components for individual study regions. In all the cases, principal components 1 and 2 cumulatively represented > 70% of total variance with magnitude of eigenvalue > 1. Accordingly, PCA biplots were constructed using the above two principal components.
Canonical correspondence analysis (CCA) was performed with aid of Canoco (version 4.5). Prior to computing CCA ordination, the species data were square-root transformed and rare species were down-weighted. A Monte-Carlo simulation test on environmental variables was performed with 499 permutations to discern the statistical significance of the axes (Srichandan et al. 2015a . Axes 1 and 2 cumulatively represented > 70% variance in species-environmental relation of individual study regions (Mahanadi estuary, 77.9%; Chilika lagoon, 74.9%; coastal waters off Gopalpur, 91.6%). BrayCurtis similarity-based hierarchical clustering was carried out using the species abundance with aid of Primer (version 6).
Trophic state determination
The ecological trophic state for brackish water ecosystems viz. Mahanadi estuary and Chilika lagoon was determined on the basis of trophic state indices (TSI) (Carlson 1977; Kratzer and Brezonik 1981) . The TSI uses log-transformed data of chl-a concentration, total inorganic nitrogen (TN), and total inorganic phosphate (TP) expressed as micrograms per liter and SDD in the unit of meter. The following equation was used for computation of TSI. 
)
The TSI equation yields score within the range from 0 to 100 that covers a range of four trophic states, i.e., oligotrophic state (TSI, < 40), mesotrophic state (TSI, 40-50), eutrophic state (TSI, , and hypereutrophic state (TSI, > 70).
Trophic state assessment for coastal waters off Gopalpur was carried out following the method of Vollenweider considering its suitability for marine waters (Vollenweider et al. 1998; Giovanardi and Vollenweider 2004; Gupta 2014) . The following equation was adopted for computation of trophic index (TRIX) for coastal waters off Gopalpur.
As similar to TSI equation, TRIX also uses logtransformed chl-a concentration, total inorganic nitrogen (TN), and total inorganic phosphate (TP) expressed as micrograms per liter. In the equation, a%O 2 denotes absolute value of the percentage of DO saturation (abs |100 − %O 2 |). The constants Bk^(1.5) and Bm^(1.2) are the scale coefficients used to fix the lower limit value of the index and also to adjust the scale values from 0 to 10 with a level of eutrophication (Giovanardi and Vollenweider 2004) . The TRIX output within the range from 0 to 10 covers a range of four trophic states such as high state of water quality with scarcely eutrophication (< 4), good state of water quality with moderate eutrophication (4-5), bad state of water quality with high eutrophication (5-6), and poor state of water quality with elevated levels of eutrophication (> 6) (Giovanardi and Vollenweider 2004; Rajaneesh et al. 2015) .
Results and discussion
Phytoplankton community structure
Phytoplankton population in the Mahanadi estuary, Chilika lagoon, and coastal waters off Gopalpur was highly diverse. The phytoplankton assemblages were distributed into nine groups such as bacillariophyta, dinophyta, cyanophyta, chlorophyta, charophyta, euglenophyta, chrysophyta, haptophyta, and ochrophyta. During different seasons, all the groups were recorded from Mahanadi estuary except chrysophyta. Out of these 9 groups, 7 groups (bacillariophyta, dinophyta, cyanophyta, chlorophyta, charophyta, euglenophyta, chrysophyta) were present in the Chilika lagoon. Only three phytoplankton groups viz. bacillariophyta, dinophyta, and cyanophyta were observed in the coastal waters off Gopalpur. A total of 175, 65, and 101 species of phytoplankton were recorded from Mahanadi estuary, Chilika lagoon, and off Gopalpur, respectively, over the study period (Supplementary Table 1 ). The higher species diversity (175 species) recorded in Mahanadi estuary in the present study was more than twice in comparison to earlier observations (Naik et al. 2009; Mishra et al. 2018) . The species number (101) recorded in the present study in coastal waters off Gopalpur was in the same order (83-149) with respect to the earlier reports (Gouda and Panigrahy 1996; Panigrahy et al. 2006; Baliarsingh et al. 2012 Baliarsingh et al. , 2015b . In Mahanadi estuary, Chilika lagoon, and off Gopalpur, the species composition of phytoplankton community showed pronounced changes in different seasons (Table 1) . Species habitat analysis with respect to salinity indicated that several dominant phytoplankton taxa were in fact eurytopic in nature and had occurrence in a wide salinity range from oligohaline (0-5) to mesohaline (5-18), and polyhaline (> 18) ( Table 1) .
Out of 224 phytoplankton species observed in Mahanadi estuary, Chilika lagoon, and coastal waters off Gopalpur, 33 species have been identified as bloom forming, 17 as potential toxin producers, and 6 are reported to be both toxic and bloom forming. The bloom forming species encountered in the study area have been reported earlier from both east and west coasts of India (Rajasekar et al. 2010; Pednekar et al. 2012; D'silva et al. 2012) . A qualitative account of phytoplankton community over the study period revealed the presence of potentially toxic species of bacillariophyta, dinophyta, and cyanophyta in the study regions ( Table 2 ). Some of the examples are Alexandrium sp., Gymnodinium sp., Dinophysis caudata, Prorocentrum sp., Pseudo-nitzschia sp., and Microcystis aeruginosa (Zingone and Enevoldsen 2000; Kiteresi et al. 2013) . Apart from the potential harmful phytoplankton that produce toxins, some of the phytoplankton are well known for causing exclusion of zooplankton, discoloration of ambient medium, and hypoxia and anoxia conditions. In this study, such taxa included Gonyaluax polygramma, Asterionellopsis glacialis, Noctiluca scintillans, Trichodesmium erythraeum, and Phaeocystis sp. (D'silva et al. 2012; Zingone and Enevoldsen 2000) . In addition, several species such as Alexandrium monilatum, Alexandrium minutum, Gonyaulax spinifera, Prorocentrum minimum, and Prorocentrum micans observed in this study are listed in the Bharmful algal bloom^list of the Intergovernmental Oceanographic Commission (IOC-UNESCO 2018).
Interestingly, in the present study, an intense bloom of red Noctiluca scintillans (1.5-9 × 10 4 cells·l −1
) was observed in the coastal waters off Gopalpur during pre-monsoon along with a multi-species diatom bloom. The bloom forming diatom species with higher abundance included Thalassiosira sp. and Pseudo-nitzschia sp. during the Noctiluca scintillans bloom period has been observed earlier in Indian waters (Sahayak et al. 2005; Padmakumar et al. 2010; Baliarsingh et al. 2016 ). In addition, Thalassiosira sp., Skeletonema sp., and Pseudo-nitzschia sp. were also reported as preferred bacillariophyta diet of Noctiluca scintillans (Shaju et al. 2018; Nakamura 1998; Padmakumar et al. 2010; Tsai et al. 2018) . During monsoon, a very high abundance of bacillariophyta taxa Asterionellopsis glacialis was observed in the coastal waters off Gopalpur. A similar phenomenon of high Asterionellopsis glacialis abundance was also reported earlier in this region (Choudhury and Panigrahy 1989) . In Mahanadi estuary, bloom of Rhizosolenia setigera was observed during pre-monsoon season. The preponderance of bacillariophyta, Rhizosolenia setigera, was notable, as it is known to produce monocyclic alkenes which may contribute to mortality of aquatic organisms (Masse et al. 2004 ). In context of seasonal distribution, a clear seasonality was evident in phytoplankton community composition in all the study regions (Fig. 2) . Bacillariophyta emerged as the most abundant phytoplankton group in Mahanadi estuary and coastal waters off Gopalpur irrespective of seasons. In comparison to the Mahanadi estuary and coastal waters off Gopalpur, phytoplankton communities with respect to different seasons illustrated a strong temporal heterogeneity in Chilika lagoon. During monsoon, cyanophyta constituted bulk of the assemblages in terms of abundance (8.33 × 10 4 cells·l −1
). As season progressed towards the post-monsoon, dinophyta replaced cyanophyta and emerged as the most abundant group with an abundance of 0.04 × 10 4 cells·l −1
. Further, during pre-monsoon, bacillariophyta replaced dinophyta and became numerically abundant group with cell density of 0.41 × 10 4 cells·l
The cluster analyses of phytoplankton species data clearly delineated the sampling locations into three distinct clusters pertaining to Chilika lagoon, Mahanadi estuary, and coastal waters off Gopalpur during pre-monsoon and post-monsoon (Fig. 3) . Cluster analysis deciphered spatio-temporal contrast between the study regions during pre-monsoon and post-monsoon. However, such clear separation of study regions was not evident during the monsoon. During this season, C1 and C2 stations of Chilika lagoon showed quite heterogeneity with respect to their clustering and grouped with stations of Mahanadi estuary. The grouping of stations C1 and C2 could be attributed to the similarity in phytoplankton species composition. For example, the common phytoplankton populations observed in C1, C2, and stations of Mahanadi estuary were freshwater assemblages such as Nitzschia sp. and Synedra sp. Univariate species diversity indices such as diversity index, richness index, and evenness index are considered as explanatory parameters to discern phytoplankton community structure and indicate ecosystem health (Lopes et al. 2009 ). Species diversity index presented high values during post-monsoon (2.11) in comparison to other two seasons in the coastal waters off Gopalpur (Fig. 4) . Changes in species richness and evenness indices closely mirrored changes in species diversity index in the coastal waters off Gopalpur. A similar observation with species diversity and richness during post-monsoon was earlier reported in coastal waters of east coast of India (Choudhury and Pal 2010) . The decreasing pattern of species diversity indices during pre-monsoon and monsoon could be related to mono-specific or multi-species phytoplankton bloom formation. During pre-monsoon, conducive ambient water quality and prevalence of preferred bacillariophyta diet (Thalassiosira sp., Skeletonema sp., Pseudo-nitzschia sp.) might have fueled proliferation of Noctiluca scintillans causing a decline in species diversity indices. During monsoon, a rise in Asterionellopsis glacialis population could have decreased species diversity indices. In Mahanadi estuary, higher species diversity as well as species richness was noted during monsoon in comparison to post-monsoon and pre-monsoon (Fig. 4) . This might be attributed to the freshwater species transport to this estuary through monsoonal freshwater discharge. In fact, in monsoon, a considerable number of freshwater phytoplankton assemblages (77) were observed in Mahanadi estuary. In contrast, only 6 and 2 freshwater species survived in Mahanadi estuary during post-monsoon and premonsoon, respectively.
Seasonal variation in physico-chemical parameters
Physical variables such as water temperature and salinity exhibit significant effect on the hydrobiology of any aquatic ecosystem. During the investigation period, water temperature varied between 24.73 ± 0.05 and 31.34 ± 0.03°C, 22.68 ± 0.08 and 32.53 ± 0.20°C, and 23.21 ± 0.02 and 29.09 ± 0.01°C in the Mahanadi estuary, Chilika lagoon, and coastal waters off Gopalpur, respectively.
During all the seasons, surface salinity was higher in the coastal waters off Gopalpur in comparison to Mahanadi estuary and Chilika lagoon (Fig. 5) . A distinct seasonality in salinity distribution was evident in the coastal waters off Gopalpur and Mahanadi estuary with the highest during premonsoon followed by post-monsoon and monsoon. A higher and cyanophyta abundance (CA), respectively. MON monsoon, POM post-monsoon, PRM pre-monsoon magnitude of salinity was recorded during monsoon season in Chilika lagoon followed by pre-monsoon and post-monsoon. The spatial differences in salinity between Mahanadi estuary vs. Chilika lagoon, Chilika lagoon vs. off Gopalpur, and Mahanadi estuary vs. off Gopalpur were statistically significant in all the seasons (p < 0.01).
SDD has been frequently cited as a key factor controlling the distribution, abundance, and diversity of phytoplankton in estuaries, lagoon, and coastal waters (Patil and Anil 2011; Chou et al. 2012; Srichandan et al. 2015b ). SDD ranged from 0.44 ± 0.10 to 1.61 ± 0.06 m, 0.45 ± 0.04 to 0.97 ± 0.09 m, and 0.85 ± 0.02 to 1.55 ± 0.04 m in the Mahanadi estuary, Chilika lagoon, and coastal waters off Gopalpur, respectively. In Mahanadi estuary, lower SDD (0.44 ± 0.10 m) was associated with higher concentration of TSM (36.24 ± 6.54 mg·l −1 ) during monsoon. Similar to Mahanadi estuary, higher concentration of TSM (18.69 ± 0.45 mg·l −1 ) in association with lower SDD (0.85 ± 0.02 m) was observed during monsoon season in the coastal waters off Gopalpur. Relatively, higher TSM concentration with lower SDD during monsoon could be attributed to the suspended solid load brought through river/terrigenous influx resulting turbid water column. In contrast, Chilika lagoon was observed with higher TSM during both monsoon (18.38 ± 1.25 mg·l −1 ) and premonsoon (17.57 ± 1.51 mg·l −1 ). Higher TSM during premonsoon (in the absence of higher quantum of terrigenous/ river influx) might be due to the resuspension of bottom sediments (Patra et al. 2016) . DO concentration in Mahanadi estuary (7.39 ± 0.14-7.77 ± 0.10 mg·l −1 ) and Chilika lagoon (6.86 ± 0.06-7.28 ± 0.18 mg·l
) discerned narrow range of variation during all the seasons (Fig. 5) . In the coastal waters off Gopalpur, DO concentration was 6.97 ± 0.16 mg·l , and 4.58 ± 0.10 mg·l −1 during monsoon, post-monsoon, and premonsoon, respectively. The lower magnitude of DO during pre-monsoon could be ascribed to rapid consumption of oxygen through the bloom caused by heterotrophic Noctiluca scintillans (Sahayak et al. 2005; Mohanty et al. 2007; Baliarsingh et al. 2016) . Ambient stoichiometry of inorganic macronutrients plays a pivotal role in phytoplankton ecology of aquatic ecosystems. Different inorganic macronutrients viz. NO 2 , NO 3 , NH 4 , PO 4 , and SiO 4 showed significant variation during the study period (Fig. 5) . SiO 4 concentration was higher during monsoon season in all the study regions. Average SiO 4 concentration was 96.26 ± 1.26 μM·l −1 in Mahanadi estuary, 64.74 ± 2.12 μM· l −1 in Chilika lagoon, and 21.71 ± 0.95 μM·l − 1 in coastal waters off Gopalpur. The higher magnitude of silicate in all the above coastal ecosystems could be attributed to the monsoon precipitation-induced terrigenous discharge. Similar concentrations of SiO 4 during the monsoon season have earlier been reported in other coastal, estuarine, and lagoon waters of India (Srichandan et al. 2013; Raju et al. 2017; Dhinamala et al. 2015; Balakrishnan et al. 2017) . SiO 4 distribution, in general, is regulated by mixing of seawater with freshwater, adsorption of reactive silicate from suspended sedimentary particles, coprecipitation with humid substances, and biological removal through algae (Satpathy et al. 2010; Barik et al. 2017; Srichandan et al. 2015b) . estuarine and coastal waters during monsoon attributed to higher quantum of river inflow (Patil and Anil 2008; Pednekar et al. 2014; Raju et al. 2017; Vajravelu et al. 2018) . In contrast to Mahanadi estuary and coastal waters off Gopalpur, Chilika lagoon showed higher concentration of NO 3 during pre-monsoon (10.81 ± 0.40 μM·l −1 ) which could be attributed to higher residence time of lagoon water during this season (Muduli et al. 2013; Srichandan et al. 2015b) . Another important nitrogenous nutrient, NH 4 , was the highest (9.00 ± 0.11 μM·l −1 ) in Chilika lagoon during premonsoon and it could be due to the persistence of unused NH 4 (Fig. 5) . In general, terrestrial runoff, excretion by zooplankton, and demineralization of organic matter are important sources of NH 4 into the lagoon. Decomposition of freshwater macrophytes and dredging activity also play a major role in NH 4 distribution in this lagoon (Panigrahi et al. 2009 ). In Mahanadi estuary, seasonal pattern in NH 4 variation was observed with the highest concentration in monsoon (5.26 ± 0.65 μM·l −1
) and lowest during pre-monsoon (2.44 ± 0.23 μM·l
−1
). The maximum concentration of NH 4 during monsoon season could be attributed to the incursion of freshwater discharge (Madhu et al. 2010a ). In the coastal waters off Gopalpur, the highest concentration of NH 4 was recorded during pre-monsoon (3.48 ± 0.20 μM·l ). The higher concentration of NH 4 during pre-monsoon could be due to NH 4 excretion by Noctiluca scintillans. The concentration of this dinoflagellate was the highest during this season as discussed earlier (Baliarsingh et al. 2016) .
In Mahanadi estuary, seasonal differences in PO 4 concentration were statistically significant (p < 0.01). Mean concentrations of PO 4 were recorded between 3.67 ± 0.40 μM·l −1 (post-monsoon) and 24.09 ± 0.23 μM·l −1 (monsoon) (Fig. 5) . The higher concentration of PO 4 during monsoon might be due to influx of sewage and industrial effluents (Mishra et al. 2018) . In Chilika lagoon, seasonal differences in PO 4 concentration between monsoon vs. post-monsoon and post-monsoon vs. pre-monsoon were statistically significant (p < 0.05) while monsoon vs. pre-monsoon did not show statistically significant difference. In this study, the highest PO 4 concentration in Chilika lagoon was recorded during pre-monsoon (1.66 ± 0.15 μM·l −1 ), followed by monsoon (1.33 ± 0.11 μM·l −1 ) and post-monsoon (0.75 ± 0.05 μM·l −1 ). The PO 4 level observed during monsoon might be sourced from terrestrial runoff (Madhu et al. 2010b ), while during pre-monsoon could be attributed to release from sediments (Chandran and Ramamoorthi 1984; Barik et al. 2017 ). In coastal waters off Gopalpur, PO 4 concentration varied between 0.23 (monsoon). In general, terrestrial runoff enriches the coastal water with PO 4 during monsoon (Satpathy et al. 2009 ).
Seasonal variation in phytoplankton abundance and chlorophyll-a concentration
Phytoplankton abundance exhibited pronounced seasonal variation in Mahanadi estuary, Chilika lagoon, and coastal waters off Gopalpur (Fig. 5) . The highest abundance of phytoplankton was observed during pre-monsoon (16.53 × 10 4 cells·l ) and post-monsoon (0.08 × 10 4 cells·l −1 ) seasons. However, the phytoplankton abundance was observed to be the highest in the coastal waters off Gopalpur during premonsoon (50.70 × 10 4 cells·l −1 ) followed by monsoon ). In general, the pre-monsoon maximum of phytoplankton abundance is a common reported feature in estuaries, lagoons, and coastal waters of India (Manna et al. 2010; Minu et al. 2014; Srichandan et al. 2015b; Pitchaikani and Lipton 2016) . In corroboration with the present observation, a recent study has reported the maximum and minimum phytoplankton abundance during pre-monsoon and post-monsoon seasons, respectively, in the Mahanadi estuary (Mishra et al. 2018) . In contrast, the , and coastal waters off Gopalpur (GPL). Closed circles represent the mean value of each parameter and vertical bars with caps represent standard error of the mean. SSD Secchi Disk Depth, WT water temperature, DO dissolved oxygen, NO 2 nitrite, NO 3 nitrate, NH 4 ammonium, PO 4 phosphate, SiO 4 silicate, Chl-a chlorophyll-a, PA phytoplankton abundance maximum phytoplankton abundance observed during monsoon season in the Chilika lagoon was attributed to the dominance (up to 98%) of Synechocystis sp. In similar, preponderance of heterotrophic dinoflagellate Noctiluca scintillans with multispecies diatom bloom resulted in the highest phytoplankton abundance during the pre-monsoon period. During monsoon, proliferation of Asterionellopsis glacialis caused boosting of phytoplankton abundance in the coastal waters off Gopalpur. It may be noted that the pre-monsoon phytoplankton bloom is a recurring environmental event in the coastal waters off Gopalpur (Mohanty et al. 2007; Baliarsingh et al. 2016 ). In the Mahanadi estuary and coastal waters off Gopalpur, significant variations were observed in the phytoplankton abundance during monsoon vs. post-monsoon, monsoon vs. pre-monsoon, and post-monsoon vs. pre-monsoon (p < 0.05). However, seasonal differences in phytoplankton abundances were not significant between monsoon and other seasons in Chilika lagoon due to high intrinsic variability, but the variations between post-monsoon and pre-monsoon were significant (p < 0.05). The three contrasting ecosystems also showed significant differences from one another in terms of phytoplankton abundance except Mahanadi vs. Chilika.
Distribution of chl-a content of different phytoplankton size classes was quantified in the study regions (Fig. 6) . NP accounted for the majority of chl-a content during monsoon (4.37 μg·l ) in Chilika lagoon. In general, NP efficiently uses low solar insolation and low ambient nutrient concentrations for photosynthesis in comparison to MP (Shiomoto 1997) . In Chilika lagoon, a multitude of factors could be responsible for the dominance of NP among which low transparency stands as important. Lower transparency during monsoon was attributed to large sediment flux through riverine discharge and sediment resuspension due to strong southerly winds during pre-monsoon. Similar observations have been made in Cochin backwaters (India) where NP proliferated at low light intensities (Madhu et al. 2010b; Jyothibabu et al. 2015) . In addition, diatoms, the dominant group of NP, are non-motile and most species are prone to sinking out of the water column (Smetacek 1999; Ornolfsdottir et al. 2004 ). Increment of chl-a concentration of NP in Chilika lagoon was possibly maintained through sediment resuspension ). The present results are in concurrence to the earlier studies reporting dominance of benthic NP such as Nitzschia sp. and Navicula sp. due to wind-induced sediment resuspension . During post-monsoon, chl-a concentration of MP (1.28 μg·l ) during post-monsoon. The maximum chl-a concentration of NP during monsoon was primarily facilitated by the proliferation of diatoms such as Thalassiosira sp. and Aulacoseira granulata. On the other hand, during pre-monsoon, higher chl-a concentration of NP could be attributed to proliferation of diatoms such as Cyclotella sp., Leptocylindrus minimus, Leptocylindrus danicus, Nitzschia closterium, Nitzschia sp., Skeletonema costatum, and Thalassiosira subtilis. The coastal waters off Gopalpur showed higher chl-a concentration of MP in comparison to NP and PP, irrespective of all seasons. Higher chl-a concentration of MP during monsoon and pre-monsoon could be attributed to blooms of large-sized phytoplankton such as Asterionellopsis glacialis and Noctiluca scintillans, respectively.
Trophic state index
Trophic state assessment allows for identification of ecological problems associated with an ecosystem (Saluja and Garg 2017) . The present study employs Carlson's (Fig. 7) . TSI value for the Mahanadi estuary varied within 90. 66-100 (avg. 95.85), 76.89-83.83 (avg. 80.78), and 83.66-91.18 (avg. 86.31 ) during monsoon, post-monsoon, and pre-monsoon, respectively. Mahanadi estuary has an index greater than 70 during all seasons and considered to be hypereutrophic ecosystem. In addition to inorganic nutrients carried through riverine freshwater discharge, the Mahanadi estuary receives anthropogenic input from nearby industries, port, and fishing harbor (Samantray et al. 2009 ). Availability of nutrients during all the seasons could be the major factor behind hypereutrophic condition of this major estuary along east coast of India. However, if hypereutrophic condition continues to prevail in future, the possibility of ecosystem degradation resulting biodiversity loss cannot be ruled out (Jayachandran and Nandan 2012) . The hypereutrophic conditions in the Chilika lagoon over the study period were similar to those in the Mahanadi estuary. The lagoon exhibited TSI value within 75. 85-82.36, 71.29-80.89, and 83.12-87 .89 during monsoon, post-monsoon, and pre-monsoon, respectively. Higher TSI value during premonsoon could be attributed to the accumulation of nutrients through higher residence time intensifying eutrophication process in Chilika lagoon. In general, eutrophic condition during all the seasons discerned vulnerability of the lagoon to undergo ecological transformation through trophic cascades. The nutrient discharge from tributary rivers, anthropogenic flux from catchment region, and macrophyte infestation could be the factor of eutrophic condition of the lagoon (Panigrahi et al. 2009; Rakhesh et al. 2015) . On the other hand in coastal waters off Gopalpur, an elevated condition of eutrophication was noticed from the TRIX values during monsoon (6.19-7.54) and pre-monsoon (6.66-7.71). Response of phytoplankton community structure to ambient water quality Phytoplankton growth and distribution strongly depend on the variation of different hydrobiological variables. PCA serves as an important multivariate statistical technique to trace out the latent environmental variables from large volume of ecological datasets in biogeochemical assessment of aquatic ecosystems (Panigrahi et al. 2007) .
PCA analysis identified salinity and transparency as key variables explaining the phytoplankton community distribution in Mahanadi estuary due to their close grouping (Fig. 8) . Salinity and transparency have been reported as major factors in determining the phytoplankton distribution in other tropical estuaries (Muylaert et al. 2009; Pham 2017) . All dissolved inorganic nutrients and DO grouped together in the opposite quadrant to that of phytoplankton abundance. The nonlinearity between dissolved nutrients and phytoplankton could be due to nutrient consumption by phytoplankton (Pitchaikani and Lipton 2016) .
PCA also explained stronger influence of salinity and DO on phytoplankton assemblages in Chilika lagoon (Fig. 8) . The present observation corroborated with earlier studies in Chilika lagoon (Srichandan et al. 2015a . A insignificant association between phytoplankton abundance and transparency suggests that low light conditions do not hamper growth of cyanophyta, dinophyta, and bacillariophyta in monsoon, post-monsoon, and pre-monsoon seasons, respectively. Similar dominance of cyanophyta in estuarine water with high turbidity has been observed in a tropical estuary of Thailand (Lueangthuwapranit et al. 2011) . Bacillariophyta and dinophyta are also known to proliferate in low light conditions (Smayda and Reynolds 2001; Brogueira et al. 2007; Majewska et al. 2017) . The PCA ordination for coastal waters off Gopalpur depicted salinity with an overriding role (Fig. 8) . Nitrogenous nutrient NH 4 correlated significantly with Fig. 9 Biplots of CCA model depicting environmental variabledominant species relationships in a Mahanadi estuary, b Chilika lagoon, and c coastal waters off Gopalpur. P PO 4 , S SiO 4 , TSM total suspended matter, Sal salinity, SSD Secchi Disk Depth, WT water temperature, DO dissolved oxygen, N1 nitrite, N2 nitrate, N3 ammonium, P phosphate, Si silicate, AUG Aulacoseira granulata, CS Chaetoceros sp., CG Coscinodiscus granii, LM Leptocylindrus minimus, OS Odontella sinensis, RS Rhizosolenia setigera, SC Skeletonema costatum, TN Thalassionema nitzschioides, TP Thalassiosira punctigera, THS Thalassiosira subtilis, CP Cocconeis pediculus, DS Dictyocha sp., EF Euglena deses fo-klebsii, EL Euglena limnophila, GS Gonyaulax spinifera, NAS Navicula sp., NIS Nitzschia sp., PM Prorocentrum minimum, SS Synechocystis sp., TS Thalassiosira sp., AG Asterionellopsis glacialis, CC Chaetoceros curvisetus, GUS Guinardia striata, HS Hemiaulus sinensis, NC Nitzschia closterium, NS Noctilluca scintillans, PS Pseudo-nitzschia sp.
phytoplankton community abundance. This significant correlation between NH 4 and phytoplankton abundance might be attributed to the release of intracellular NH 4 accumulated by NS during pre-monsoon (Baliarsingh et al. 2016) .
CCA serves as an important statistical tool to differentiate synthetic gradients from the biotic and environmental datasets (Abrantes et al. 2006) . CCA ordination is used in the present study to decipher environmental variable-dominant species relationship (Fig. 9) . A total number of 15 dominant species were selected from each study region by taking the five top dominant species prevailed during individual seasons (premonsoon, monsoon, and post-monsoon) for each study area. The aim of such selection criteria was to discern the relation of dominant species with seasonal environmental variables. CCA ordination of Mahanadi estuary explained negative correlation of freshwater bacillariophyta species Aulacoseira granulata with salinity. This relation could be attributed to the maximum availability of this particular species restricted to monsoon season. Phytoplankton taxa viz. Odontella sinensis, Leptocylindrus minimus, Thalassiosira puntigera, Chaetoceros sp., Coscinodiscus granii, and Skeletonema costatum exhibited insignificant correlation with salinity.
CCA ordination of Chilika lagoon revealed significant correlation between benthic pennate bacillariophyta (Nitzschia sp.) and TSM. This association indicated the source of TSM as well as benthic bacillariophyta from resuspension of bottom sediments. The insignificant relation between fresh water Euglenophyta (Euglena limnophila, Euglena deses fo-klebsii) and salinity indicated important role of fresh water influx during monsoon. Higher SDD, lower DO, and higher salinity were significantly correlated with dominant species, namely Noctiluca scintillans, Pseudo-nitzschia sp., Skeletonema costatum, Thalassiosira sp., and Chaetoceros sp. in coastal waters off Gopalpur. Lowering in DO levels as a result of Noctiluca scintillans proliferation in coastal waters off Gopalpur has been also reported earlier in this region (Baliarsingh et al. 2016) . Further, euryhaline-eurythermal Skeletonema costatum can grow quickly under eutrophic conditions such as bloom (Huang et al. 2004 ).
Conclusion
The present study discerned seasonal dynamics of phytoplankton community structure in relation to ambient water quality in contrasting ecosystems on the east coast of India viz. Mahanadi estuary, Chilika lagoon, and coastal waters off Gopalpur. The outcomes of the study can be summarized as (1) high diversity of phytoplankton species across seasonal scale in the contrasting ecosystems, (2) wide range of salinity preference (oligohaline, mesohaline, and polyhaline) of phytoplankton species in Mahanadi estuary, (3) prevalence of mesohaline and polyhaline phytoplankton species in Chilika lagoon and coastal waters off Gopalpur, respectively, (4) overwhelming abundance of bacillariophyta in Mahanadi estuary and coastal waters off Gopalpur in all seasons attributed to well adaptive nature to oscillating water quality, (5) existence of diverse phytoplankton group in Chilika lagoon due to dynamic water quality, (6) recurrence of premonsoon phytoplankton bloom in coastal waters off Gopalpur due to preponderance of Noctiluca scintillans, (7) influence of salinity in determining composition and distribution of phytoplankton assemblages in the study regions, and (8) eutrophic conditions in Mahanadi estuary and Chilika lagoon over different temporal scales.
The trophic state indices of the ecologically important study regions can act as reference for future research and environmental management. In general, the present study deciphered the study regions as ecologically contrasting based on hydrobiology and need of monitoring attributed to occurrence of blooms and eutrophication.
